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The magnetic field dependence of the SDW transition in (TMTSF^CICU for various anion cooling 
rates has been measured, with the field up to 27T parallel to the lowest conductivity direction c*. 
For quenched (TMTSF)2C104, the SDW transition temperature Tsdw increases from 4.5K in zero 
field up to 8.4K at 27T. A quadratic behavior is observed below 18T, followed by a saturation 
behavior. These results are consistent with the prediction of the mean-field theory. From these 
behaviors, Tsdw is estimated as Tsdw =13-5K for the perfect nesting case. This indicates that the 
SDW phase in quenched (TMTSF)2C104, where Tsdw is less than 6K, is strongly suppressed by the 
two-dimensionality of the system. In the intermediate cooled state in which the SDW phase does 
not appear in zero field, the transition temperature for the field-induced SDW shows a quadratic 
behavior above 12T and there is no saturation behavior even at 27T, in contrast to the FISDW phase 
in the relaxed state. This behavior can probably be attributed to the difference of the dimerized 
gap due to anion ordering. 



The compounds (TMTSF) 2 X, where TMTSF de- 
notes tetramethyltetraselenafulvane and X=PFg, AsFg, 
CIO4 etc., are highly anisotropic organic conductors 
with a rich phase diagram exhibiting spin-density-wave 
(SDW), metallic, superconducting and n field- induced 
SDW (FISDW) phases at low temperatures! At ambient 
pressure the PFg salt undergoes a metal-SDW transition 
at 12K. The temperature of the SDW transition decreases 
with pressure and ultimately tends to zero. Above a 
critical pressure, the superconducting phase appears at 
Tc=l-1K. In the magnetic field parallel to the lowest con- 
ductivity direction c* and above the critical pressure, a 
cascade of FISDW states is observed, with quantized Hall 

resistance p xy ~ hj (n2e 2 ) in the sequence n= 4,3,2,1,0 

as the magnetic field is increased. The states labeled with 
integer n have been identified as semimctallic FISDW 
states while that with n=0 is a FISDW insulating state. 
The phase diagram of the metallic-SDW and FISDW 
transition for the PF 6 salt is successfully explained by 
the mean field theory based on the nesting of the slightly 
warped, quasi one-dimensional Fermi surface. 

In (TMTSF) 2 C10 4 , the ordering of the non- 
centrosymmetric anion CIO4 occurs at an anion ordering 
temperature Tao ~24K. For the CIO4 salt slowly cooled 
(relaxed) through Tao, the anion ordering creates ra su- 
perlattice potential with a wave vector Q=(0, 1/2,0)0 and 
the superconducting phase appears below 1.2K. When 
the sample is rapidly cooled (quenched) through Tao> 
the orientations of anions are frozen in random directions 
and the SDW phase is induced below 6K. With decreas- 



ing cooling rate, the SDW transition temperature Tsdw 
decreasesa. This phenomenon is similar to the results for 
(TMTSF) 2 PF 6 , if we identify the effect of pressure with 
that of cooling rate. 

Within the standard model based on the imperfect 
nesting theory, in the SDW phase the closed orbits re- 
gion due to the two-dimensionality of the system is near 
the SDW gap created in the band structure. When the 
magnetic field is applied along the c-axis, the total energy 
of the SDW proves to be lowered by quantization of these 
closed orbits, since the zero-field state density in the en- 
ergy region of closed-orbits is a decreasing function of 
energyEJ. As a result of this energy gain, it has been pre- 
dicted that Tsdw increases nearly quadratically with the 
field in low magnetic field, as T$nw{H) — Tsdw(0)+C7J 2 
where C is a constant, and shows a saturation behav- 
ior in high magnetic field. The quadratic magnetic field 
dependence has, been confirmed by the experiments for 
(TMTSF) 2 PF 6 eI and quenched (TMTSF) 2 C10 4 li 

While relaxed (TMTSF) 2 C10 4 exhibits superconduc- 
tivity and a cascade of FISDW, similar to the behavior 
observed in (TMTSF) 2 PFg above the critical pressure, 
some experimental results for relaxed (TMTSF) 2 C10 4 
cannot be explained in terms of the standard model 
which works so well for the PFg salt i.e. (l)In the low- 
field cascade of FISDW's ihe sequence of Hall plateaus is 
not in the expected ordeid. (2)The n=0 insulating state 
is not observed, but a very-stable quantum Hall state is 
observed from 7.5 to 27THEI. (3)The FISDW transition 
temperature is about 5.5K and is essentially independent 
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FIG. 1. (Top) Temperature dependence of the transverse 
magnetoresistance in quenched (TMTSF^CICU at constant 
field along c* axis as indicated. (Bottom) Logarithmic deriva- 
tives of the above data offset from zero for clarity. 

of field above 1510. For the CIO4 salt slowly cooled 
through Tao, the anion ordering creates a superlatticc 
potential and it separates the original Fermi surface into 
two pairs of open sheets. This dimerized gap due to an- 
ion ordering is usually thought to be the cause of above 
anomaly. 

In this paper, we describe the cooling rate dependence 
of the SDW and FISDW transition for (TMTSF) 2 C10 4 
under the strong magnetic field. We aimed: (1) to check 
the mean-field predictions and to estimate an absolute 
value of the characteristic energy for the SDW state of 
quenched (TMTSF) 2 C104; (2) to confirm a new phase 
diagram which has been proposed for the FISDW relaxed 
state; (3) to check the role of the dimerized gap due to 
anion ordering in the FISDW state. 

Single crystals of (TMTSF) 2 C10 4 were synthesized by 
the standard electro-chemical method. The resistance 
measurements along the conducting a-axis were carried 
out using a standard four probe AC method over the tem- 
perature range from 1.2K to 10K. Electric leads of 10/xm 
gold wire were attached with silver paint onto gold evapo- 
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FIG. 2. Magnetic field dependence of the SDW transition 
temperature T SDW for quenched (TMTSF) 2 C10 4 . The full 
line is the best fit of the quadratic function. The dashed line 
is the fit of mean field theory. 



rated contacts. The quenching of the sample was done by 
immersing it into liquid helium directly after annealing 
at 30K. The temperature was measured using a Cernox 
CX-1050-SD resistance thermometer. The measurements 
in the fields to 27T were done in a resistive magnet at 
the Grenoble High Magnetic Field Laboratory. 

Figure 1 shows the temperature dependence of the 
transverse magnetoresistance with the field parallel 
to the lowest conductivity direction c* in quenched 
(TMTSF) 2 C104, in which the cooling rate is faster than 
lOK/s. From this figure it is clear that the transi- 
tion is shifted toward higher temperature as the field 
is increased. The derivative of the logarithm of these 
data with 1/T is also shown in Fig.l. The SDW tran- 
sition temperatures Tsdw determined from the peak 
in the derivative are plotted vs field in Fig. 2. For 
quenched (TMTSF) 2 C10 4 , T SDW increases from 4.5K 
in zero field up .to 8.4K at 27T. As predicted in the 
mean-field theoryu, a quadratic behavior is observed be- 
low 18T, followed by a saturation behavior. The solid 
line is the best fit of the quadratic function to experi- 
mental data in the low field range and is described by 
Tsdw(H) = 4.58 + 0.0070ff 2 . This coefficient of the 
quadratic term is consistent with previous resultstj. From 
the observed curvature of the field dependence of Tsdw i n 
high magnetic field, we can determine several important 
parameters for the SDW transition using a mean-field 
theoryOO. The relevant parameters entering this the- 
ory are: the SDW transition temperature corresponding 
to the perfect nesting case Tsdw 1 Fermi velocity vp and 
the ratio of the energy parameter eo which characterizes 
the deviation from perfect nesting to the SDW order pa- 
rameter Ao at T=0K for £o=0- When eq becomes equal 
to Ao (i.e., eo/Ao=l), the nesting of the Fermi surface 
is so imperfect that the SDW state is suppressed. The 
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FIG. 3. Temperature dependence of the transverse magne- 
toresistance in relaxed (TMTSF^CICU at constant field along 
c* axis as indicated. 

dashed line in Fig. 2. is the fit of this theory to the ex- 
perimental data. The agreement is good. The fit gives 
v F =7.8xl0 4 m/s, r S DWo=13-5K and e /A =0.994 using 
a lattice parameter along the b' axis of 7.7xl0 -10 m. This 
indicates that the mean field calculations nicely account 
for the field induced increase of Tsdw an d the SDW phase 
of quenched (TMTSF) 2 C10 4) where T SDW is less than 
6K, is strongly suppressed by the two-dimensionality of 
the system. 

Measurements of the temperature dependence of the 
transverse magnetoresistance in relaxed (TMTSF)2C104, 
in which the cooling rate is about O.OOlK/s, are shown 
in Fig. 3. The FISDW transition is observed above 12T. 
In the case of relaxed (TMTSF) 2 C104, the increase of 
resistance starts sharply at the transition temperature 
in contrast to the case of the quenched and intermedi- 
ate cooled states. The FISDW transition temperatures 
Tfisdw of relaxed (TMTSF) 2 C10 4 determined from the 
intersection of the extrapolations of the resistivity curve 
from the FISDW and metallic phases are plotted vs field 
in Fig. 4 (open squares). For relaxed (TMTSF) 2 C10 4 , 
Tfisdw increases from 4.5K at 12T to 5.5K at 18T and 
is almost independent of field above 18T. This result sup- 
ports the new phase diagram which has been proposed 
for the relaxed (TMTSF) 2 C10 4 lli 

The temperature dependence of the transverse magne- 
toresistance in the intermediate cooled (TMTSF) 2 C10 4 , 
in which the cooling rate is about 0.5K/s, is shown in 
Fig.jL. In this state, there is also no SDW phase in zcxp 
fieldB and the FISDW state appears above 12T at 3KO. 
It is clear that the transition temperature is shifted to- 
ward higher temperatures as the field is increased. The 
derivative of the logarithm of these data with 1/T is also 
shown in Fig. 5. The transition temperatures Tfisdw de- 
termined from the peak in the derivative are plotted vs 



FIG. 4. Magnetic field dependence of the SDW transition 
temperature Tsdw for the relaxed (open squares), intermedi- 
ate cooled (full circles) and rapidly cooled (open circles) state. 
The dashed line is the phase-boundary for the relaxed state 
proposed by McKernan et atj. The full and dotted lines are 
the best fit of the quadratic function for the intermediate and 
rapidly cooled states, respectively. 

field in Fig. 4 (full circles). As shown in Fig. 4, Tfisdw 
shows a quadratic behavior above 12T and there is no 
saturation even at 27T. 

When the SDW transition appears in zero field, Tsdw 
decreases and the coefficient of the-quadratic term in- 
creases with decreasing cooling rateo. These results are 
consistent with the prediction of the mean field theoryu. 
In the intermediate cooled state, Tfisdw also shows a 
quadratic behavior above 12T, but there is no SDW 
phase in zero field in contrast to the quenched state. 
The value of Tfisdw a t zero field extrapolated from 
the quadratic behavior is 2.4K as shown in Fig. 4. In 
our experiment on (TMTSF) 2 C10 4 , we find the SDW 
state in which the SDW transition appears at 2.4K in 
zero field for a more-,rapidly cooled state with the cool- 
ing rate about 2K/stl The field dependence of Tsdw is 
shown in Fig.4(Open circles) and is also described by the 
quadratic behavior. Although Tsdw for this SDW state 
at zero field is almost the same as the extrapolated values 
of Tfisdw for the intermediate cooled state, the coeffi- 
cient of the quadratic term in the former SDW state is 
about twice as large as that in the latter. The saturation 
of the quadratic term for the intermediate cooled state 
will occur for higher fields, because the coefficient of the 
quadratic term becomes small. 

The X-ray diffraction studies indicate that the size of 
the regions, over which the_.anion is ordered, decreases 
with increasing cooling ratals. Thus, the concentration of 
the scattering centers associated with the boundaries be- 
tween anion ordered states increases with increasing cool- 
ing rate. In fact, the residual resistances in the quenched 
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FIG. 5. (Top) Temperature dependence of the trans- 
verse magnetoresistance in the intermediate cooled state of 
(TMTSF)2C104 at constant field along c* axis as indicated. 
(Bottom) Logarithmic derivatives of the above data offset 
from zero for clarity. 



and the intermediate cooled state are about 2 and 1.5 
times that in the relaxed state around 6K, respectively. 
Because the periodic anion potential is out of phase at 
the boundary between anion ordered regions, the bound- 
ary not only works as a scattering center but also sup- 
presses the anion gap in the intermediate cooled state, 
where the size of the ordered region is quite small. As 
a result, the difference between the relaxed and interme- 
diate cooled states can be explained by the assumption 
that the FISDW phase of the relaxed state is a peculiar 
state in (TMTSF) 2 C104 stabilized by the dimerized gap 
due to anion ordering and the FISDW phase of the in- 
termediate cooled state is the standard FISDW state as 
observed in (TMTSF) 2 PF 6 turned back on by the dis- 
appearance or a strong decrease of the anion gap. In 
fact, the T-H phase diagram of the intermediate cooled 
(TMTSF) 2 C10 4 looks very similar that of the FISDW 
phase in (TMTSF^PFglli It seems reasonable that the 
quadratic increase of Tfisdw with magnetic field in the 
intermediate cooled state is not the quadratic increase 
predicted from the mean field theory in the SDW phase 



but the envelope line of the FISDW states with different 
quantum number n. 

In summary, we have measured the magnetic field de- 
pendence of the SDW transition in (TMTSF) 2 C10 4 for 
various anion cooling rates with the field up to 27T 
and shown that the mean-field calculations nicely ac- 
count for the field-induced increase of Tsdw in quenched 
(TMTSF) 2 C10 4 . Satisfactory values of both T S dw q and 
Fermi velocity have been obtained from the analysis. In 
the intermediate cooled state in which the SDW phase 
does not appear in zero field, Tsdw shows a quadratic 
behavior above 12T and there is no saturation even at 
27T. This behavior is quite different to the FISDW phase 
of the relaxed state. The difference between the relaxed 
and intermediate cooled states can be explained by the 
assumption that the FISDW phase of the relaxed state 
is a peculiar state stabilized by the dimerized gap due to 
anion ordering and the FISDW phase of the intermediate 
state is the standard FISDW state turned back on by the 
disappearance or a strong decrease of the anion gap. 

Some of this work was carried out as part of the 'Re- 
search for the Future' project, JSPS-RFTF97P00105, 
supported by the Japan Society for the Promotion of Sci- 
ence. 

Note added-After submission of this article we were 
informed of work a reporting similar magnetic fieJd de- 
pendence of Tsdw for quenched (TMTSF) 2 C10 4 B. 
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